Jung, 1923,

MONTHLY WEATHER REVIEW,

306

CONCERNING THE RELATION BETWEEN THE DURATION, INTENSITY, AND THE PERIODICITY OF RAINFALL.

By Prof. PETER PrILIPOVITCH GORBATCHEYV.
[Rostov on Don, Russia, May 27, 1923.]

According to theoretical calculation, a definite quantity
of water vapor brought by cyclonic air currents from
the point of evaporation to the point of observation
in form of a cloud, with a degree of humidity just suffi-
cient to begin condensation, can produce precipitation,
the general amount of which, A and the duration, ¢,
can vary with the length of the cloud and the velocity
of the air currents in which it floats. But for all this
equally possible rain, that is, for rain precipitated from
the same cloud, there must exist a definite relation
between the average intensity of precipitation during
the time of the rainfall, 1=A/t, and the duration of that
rainfall, ¢, that is
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¥1q. 1.—Curves of intensity (i=A/+/T) of showers in Middle Germany (after Hellmann).

Here the quantity A depends on the one hand, on the
quantity of the drifted rain material in the cloud, and
on the other hand on the angle of ascending cyclonic
motion of the cloud, which is a result of topographical
conditions, but it does not depend on the velocity of the
storm nor on its length. Therefore, the quantity A for
every separate cloud passing above a given place is a
constant quantity and is characteristic of it and, there-
fore, of the whole series of rains equally possible from
this cloud.

If the quantity of the water vapor in the cloud happens
to be the maximum that is ever possible in the given
period, owing to the extreme evaporation as a result
of insolation and other favorable conditions, then surely
all the equally possible precipitation from such a cloud
will be stronger than from every other cloud. Conse-
quently, the values of the intensities of such precipita-
tions for corresponding periods will be the limit for the
given place during the time considered, the same as the
quantity A itself. If the quantity A is knownm, it is

possible to construct a theoretical curve for limiting
intensitities after the equation, i=A/+/¢ for different
durations.
If one compares the results of investigations of different
authors concerning the limiting intensities for different
laces, obtained by selecting from meteorological records
or a given period of time the observed intensities for each
duration, it will appear that in all cases, those limiting
intensities, expressed by empirical formulae or curves or
tables, come always very near and sometimes coincide
with theoretical curves constructed after the equation
i=A [+/T by corresponding average value of A. So, for
instance, expressing h and ¢ in mm. and ¢ in minutes, the
curves of the heavy showers for North Germany, accord-
ing to the formula of Hellmann, will correspond to the
value of A=6.7 and the curve of moderate showers will be
A=44. (Fig. 1.) 'The
curve of heaviest rains for 200
the United States of Amer-
ica, after A. J. Henry, cor-
responds to A=124, and
for the heaviest showersin g i
the southwest of Russia E 1
A=11.7 (after Dolgov). \1.50—-‘
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the curves for moderate
showers for North Amer-
ica will be as follows: Cen-
tral States—A=5.2; New
England, A=3.5 (Fig. 2);
and for South Atlantic
States, —A=5.7. Berlin
has A=3.0 (according to
Frithling for the space of
a year) and Darmstadt
—A=2.3 (according to
Heyd for the space of a
year).

According to the condi-
tion i=h / t one can pre-
sent the expression for A in
other terms: A=h / /% 5 = : e
and A=+hi. The last 20
equation shows that the Duralion it rnin.
quantity A is simulta- P8 Curveotintesttymadentcstor.
neously determined by the '
proportions of the two most important characteristics of
the rain, that is, the quantity of the rain (the quantity
k) and by the intensity of the rainfall (the intensity 4).
Therefore the quantity A may be called the ‘rain power”
as similarly in electrical terminology the products of
quantity of current (in amperes) to its intensity (in volts)
gives the effect or the power of the motor.

This determination of the ‘‘rain power’ is convenient
while working with meteorological quantities and gives an
exact criterion: (a) for the classification of rains; (5) for
comparative estimation of different rains, and (¢) for the
verification of meteorological records if doubtful.

(4) According to the “rain powers,” calculated by the
author for more than 200 cases of separate rains and their
practical estimation by descriptions conforming to estab-
ished determinations for different degrees of precipita-
tion, it is possible to divide the rains after their “ power’’
into the following categories (if & and 4 be expressed in
mm. and ¢ in minutes).
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! Rain power, A,

Type of precipitation. Characleristies. —

From—| To—

St
1. Smallrains........ccaunn.. Ofimportanhce only for rural cconomices. nn: LO
2. Ordinary rains.... wannj Oceur yearly...oovoeoueenaano. e Li! 3.0
3. Moderate showers. ....| Produce streams in natural cavities. .. 3.1 ‘ 5.0
4. Heavy showers... .| Are mentioned in records as rare 5.1 7.0

henomena. i

5. Extraordinary showers....| Disastrous results. .. ....... ... 7.1 and higher.

After the observation for the plains of Europe, one
can take A=12 as the upper limit for power of extra-
ordinary showers (Bobers{;erg in Brandenburg, June 21,
1895, A=1X 4/ t=1.08 3 4/120=11.8). The upper limits
for the “power” of extraordinary showers in North
American are approaching the same number (Merrill,
Wis., July 24, 1912, A=0.624450=13.2). In moun-
tainous countries the extraordinary showers reach the
power of A=16 (Nieder Marsberg in Provinz West-
fahlen, August 6, 1897, A=2.204/45=15.4). The show-
ers annotated under Tropics have the power of A=26
(Manila, the hurricane of October 19-20, 1882, A=6.77

J15=28.9.

(5) When comparing rains of different intensity and
duration, one can get an exact estimate by comparison
of their ‘‘rain powers.” For instance, after the terrible
catastrophe of Kukui Dam on Moscow Kursk railway,
Russia, there was offered by the Ministry the formula of
Kostlin based upon the rain power A=0.96/10=3.0 for
the calculation of capacity of pipes or railway culverts.
But engineers find it insufficient in practice because there
have been observed heavier showers which have been
confirmed by special observations. But from the cal-
culation of rain power for the Kukui shower, above
mentioned (A=0.48+/240=7.4) one can see at once
that it is to be placed among extraordinary showers
and gives 25 times more precipitation than would follow
from the formula of Kastlin.

To make such comparisons easier we give below tables
of intensities and general amounts of precipitation with
different durations for principal categories of rain power.

TaBLE 1.—Average intensities i=A[yJ T (in mam.[min.).

Duration of rainfall ¢ =
Categories of rain T
power i=A/ 1. 15 o | o 3 | 6
minutes. | minutes. minutes.: hour. hours. | hours.
i : |
L0 0.26 0.18 | 0.15 0.13 0.7 I 0.05
3.0.. 0.77 0.35 ' 0.45 .39 022 016
5.0.. 1.20 09l 075 063 037 | o
7.0.. 1.81 1.27 ¢ 104 - 0.90 0.52 . 0.37
12,0.. 3.10 2,18 | 1.79 : 1.55 0.59 0.64
16.0 4.13 2,91 2,38 | 2. 06 118 0.%5
26.0 6.71 473 3.87 | 3.35 1,92 1.3s
TABLE 2.—Gencral amount of rainfall h=A+ 1.
Duration of rainfall ¢ =
R, e
h=ayt. 15 D 45 1
minutes. | minutes. | minutes.| hour hours. honrs.
i

3.9 5.5 6.7 7.7 13.4 19.0
11.8 16.4 2.6 23.3 40,3 5.9
19.4 27.4 i 33.6 388 7.1 94.9
27.1 38,4 47.0 5.3 93. 9 132.8
46.5 65.8 0,5 93.0 161.0 N7.6
6L.9 §7.7 107.4 110 214.7 303.5
100.6 142.5 174.5 1.5 378, 9 493.2
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Since we know the largest possible “rain power” for
different countries, we can verify the accuracy of
separate observations. For instance, there had been
doubts about the shower at Nagartava (prov. Cherson,
Russia) July 9, 1921, which has been recorded as having
h=99 mm., {=30 min. and 4=3.3 mm./min. If one
calculated the rain power according to it, it will be A=
3.34/30=18.1. As there are never on the plains of
Europe showers with A more than 12.0, and in moun-
talnous countries no more than A=16.0, so there must
be obviously a mistake in this record. And, indeed,
there is an exact record in the detailed revision of Pro-
fessor Klossovsky from which one can see that the rain
lasted not for 30 minutes but for 4 hours and 30 minutes
or 270 minutes, so that the intensity will be only ¢=0.4.
Then the rain power will be A=0.4+/270 =6.6 what [which]
is a rather heavy but quite possible shower for the given
country. There is also a shower quoted in the list of Pro-
fessor Friedrich, that took place in Berlin, April 14, 1902,
that was mentioned as having ;=143 mm., =210 min.,
and i=1.18 mm./min., which give the rain power A=1.18
v210=17.1, which is quite impossible for the Prussian
plain. But according to a more careful examination of
that remarkable shower, it appears from a list by Pro-
fessor Hellmann and description of Professor Hergardt of
the heaviest point of rainfall that exact numbers are as
follows: & =166 mm., =345 min., and +=0.48 mm./min.
That corresponds to A=0.48 4/345=8.9 which is quite
probable for Berlin. It is very possible that some of the
records quoted in literature about extraordinary showers
{as for instance in Ardgis in Rumania, A =205 mm., =20
min., and A=48.1; in Campo, Calif., A=292 mm., {=60
min., and A=38.0, and others) will require correction in
order to make them conform to original records.

If one examines every shower separately it appears
that the rainfall takes place somewhat unequally because
of the irregularity of the air currents. But the departures
of the values of the “rain power” for its separate parts
from the average power of the rain for the whole time of
its duration are not so great and do not surpass 10 per
cent for every part of the rain from the beginning and
no more than 15 per cent for the maximum taken from
the middle of the rain, as one can see from the exami-
nation of a famous, extremely irregular, shower at
Zurich, June 3, 1878, with A=4.0 and with greatest power
from the beginning of the rain with A=4.4 and A=4.6
for the maximum part in the middle of the rain. No
more than such departures are observed among other
rains, when comparing their average power with the
largest in maximum parts. From this it follows that for
determining rain powers one has always to calculate it as
average power for the whole rain and not divide it into
heavy and small parts; that for practical purposes, for
technical calculations, for instance, one can assume
without great error that the relation between the duration
and the intensity of the rain is maintained in every part
of it, and that the value of the “rain power’ remains the
same as for the whole rain, and for every part of the
duration taking it from the beginning of the rainfall.

Up to this point the “rain power” A has been examined
by the author independently of the length of the period
of meteorological oEservations. But if one compares the
limiting rain powers for the same point in different years,
it will appear that the limits wilY be greater the longer
the period of the observation. This is explained by the
fact that the quantity A depends, as said above, upon
the largest amount of drifted rain material; that is, from
the largest evaporation and the strongest cyclones, which
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depends for itself upon the quantities of caloric energy
emitted by the sun. Professor Briickner proved the peri-
odicity of this phenomenon with the change of cold and
warm years during the period of 30-35 years and related
it to the sunspot maximum. But the comparison of
spring floods of rivers shows that the greatest maxima
repeat every two Briickner periods; that is, every 60 to
70 years; there are also some indications of two periods
for the maxima of the solar spots, about 11 and about
60 years, that appear in the complete fluctuations in the
curve of periodicity. Therefore one must wait also for
the change of limiting “rain power,” the period of about
35 or 70 years.

If one examines the number of the occurences exceed-
ing some certain “rain power’ by other heavier rains, a
remarkable regularity is discovered; for example, if cal-
culating the “‘rain powers” from their complete list for
the given country during the period n years and tabulat-
ing them according to their powers beginning from the
largest, we obtain A, K., and so on, cases for every ob-
served power. If we take every power that exceeds the
nearest next class of A,—0.1 and add the number of
cases, we have for any rain power A,—0.1 the number
of cases of exceeding=K + K, ...... + K,==K for

the whole period of » years and -"TLIE for 1 year.
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This quantity expresses the frequency of only one
exceeding the given “rain power” in the course of one
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=-}; and the inverse quantity p will be the

eriod for the only one exceeding the given * rain power.”
f we set down graphically the observed rain powers A
as ordinates taking the periods p (the excedance inter-
val) as abscissae the curves obtained for different coun-
tries will be all cubic parabolas, which means that there
exists an equation A =pu+Yp where y is a constant climatic
factor for the country, expressing the correlation of all
its climatic and geographical conditions. So, for instance,
these climatic factors have proved to be for Hanover,
p=2.90; for Stuttgart, u=3.16; for Petrograd, p=-1.45,
and for Astrakhan x=1.09. (Fig. 3.)

One may note that it follows from the corresponding
equations that the climatic factor u exceeded the *‘rain
power” A no more than once a year, and generally the
“rain power” A can be expressed as the theoretical

58420—23 2
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intensity, corresponding to the precipitation of the whole
amount of rain in the course of one minute. As an in-
stance of the calculation of the climatic number u there
are given tables of its deduction for the city of Stuttgart
from the records of 29 years’ observation.

TABLE 3.—Showers at Stultgart, 1875-1903.

S 93(7.4(6.0|5.7|56|53 |50 4.0(4.5143

Ly
—~

|
Numberofecases K...c.oouenenanann.. 11 1f2) 111 1) 22

13-

DEDUCTION OF CLIMATIC NUMBER, u, FOR STUTTGART.

Observed rain power A. K m_1 » V5 lu=AlNg
n p

Morethan 9.2, ... .............. 1 1/29 29 3.07 3.0
Morethan 7.8 ... _............... 2 o729 14. 50 24+ 3.0
More than 5.9. 3 3729 9.67 2.13 28
More than 5.6 5 5/29 5.80 1.%0 a1
Mure than 5.5. [} 6/:9 4.83 1.64 3.3
More than 5.2. 7 7729 415 1.61 3.2
More than 1.9. 8 &29 3.63 1.5¢ 3.2
More than 4.8. .. 9 9/29 3.22 1.48 3.2
More than 4.4 11 11/29 2,64 1.38 3.2
Morethan 4.2 ... . _........... 13 13/29 2,23 1.31 3.2
More than +.0........ooineaiaanns 15 15/29 1.6 L25 3.2
If one knows the climatic numbers for the given

country, one can calculate from the equation A=uv/p
for every period of time p such ‘“rain power” A, as can be
exceeded more than once for this period of time and that
can be considered the limit for t.lll)is period of time, and
from which one can calculate from the equation 1=A//¢
the limiting possible intensities for every duration durin:

this period of time. This is very important for technica
calculation. So, for instance, in Germany one assumes
for the projects of sewerage that the sewers are to over-
fill no more than once a year and on the main streets
no more than once in two or three years. According
to the author’s opinion one should take as a period for
the single overfilling no less than five years, and for the
more dangerous cases one has to increase the period as
follows, for instance: For deep valleys within the town,
20 years; for pipes and bridges for roadway, 35 years;
and for railways, the largest period, 70 years.

Moreover, one can theoretically obtain from the
equation A=uVp some interesting deductions concern-
ing the recurrence of rains of different powers, concerning
the average vearly amount of precipitation, and lastly,
concerning the largest possible rain powers which are
justified by actual observations.

(10) Yearly recurrence of a group of any rain powers
limited from A, to A, is expressed by the equation
1 A —AY
a FTAGAY’
years in the period of only one occurrence of any rain
power from this group. Thus theoretically calculated
numbers of cases of yearly occurrence nearly coincident
with observed actual cases according to the rain records
are proven in the table helow for Stuttgart and Petro-
grad, but it is necessary to remark that there are not
mentioned a great many small rains in the record of
Stuttgart, anf that heavy showers (with A more than
5.0) are very scarce in Petrograd and as, according to
calculated yearly occurrence, a=0.02 they happen only
once in 50 years, it is difficult to expect that they can
be mentioned in a rain record of 19 years.

and inversely — « will be the number of
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s A%y
Yearly occurrence. a0 A AN,
Stuttgart. Petrograd.
Categories of rains.
Theoreti- Theoreti-
cal Actual. cal. Actual.
Ordinary ralns (1.0-3.0)...ceavmvenaarnnne-. 30.4 2.1 2.4 ‘ 2,9
Moderate showers (3.0-5.0). - 0.91 0.83 0.08 ! 0.07
Heavy showers (5.0-7.0). . cocevvmeeanas 0.16 0.17 0.02 I 0.00

The average yearly amount of precipitation evidently
consists of t%le sum of precipitation of all categories of
rains corresponding to their yearly occurrence and one
can express it theoretically by equation H=S,t. I{
we compute the quantity S for four towns with conti-
nental climate we obtain for Stuttgart S=110, for
Hanover S=116; for Ekaterinoslav §=120, and for
Astrakhan S=131. Therefore, one can take for the
central region of Europe the middle number with sufhi-
cient accuracy and obtain the equation H =120,/
But for countries with humid sea climate the quantity
S departs considerably from its average value (for
instance, for Petrograd S§=271). Proba%ly there fall
and are recorded very small rains which in a drier con-
tinental climate are evaporated without reaching the
surface of the earth and tEerefore escape being recorded.

(12) The largest possible “rain power” for a given

lace will evidently be such a power as is not surpassed
mn the course of the complete cycle of periodicity of pre-
cipitation for p Kears, and consequently will be A=uv/p +
0.1. In case the exact climatic number of the country
p is unknown, it can be substituted by yearly average
quantity of precipitation H (from the equation H =120
v/ 1i®), from which it becomes approximately A=0.041
v HevVp+0.1.

The complete cycle of periodicity of precipitation
makes up, according to Briickner, p=35 years, and then
the maximal rain power will be A=0.13vH®+0.1. But
according to the opinion of the author the complete cycle
of periodicity must be a double one—that is, p="70 years.
The maximum possible “rain power” will be somewhat
larger, namely, A=0.17vH?*+0.1.

lgor the verification of this formula there were calcu-
lated by the author the ‘‘powers’” of all remarkable
showers known to him, from which appeared to be that
for the majority of actual observations the “rain powers”
do not surpass the calculated value of their power for the
period of p=35, although approaching it closely. That
could be expected because the majority of exact meteor-
ological reports seldom embraces a period of observations
larger than for 30 to 40 years. Only in nine cases quoted
below the actual maximum ‘“rain power” was larger
than the theoretical for the period of p=35 years, but
did not reach the theoretical power calculated for the
period of p=70 years.

Theoretical. Actual.
Country. Date. Yearly H.|
‘Max.p=35| Ap=70 | Amax.
Fec.
June 26,1575 435 7.6 9.9 &5
Sept. 20,1857 453 8.1 10.6 9.2
July 31,1897 500 8.4 10.9 1.8
uly 21,1912 568 9.0 L7 9.9
.. Aug, 6,185% 5%5 9.2 1.9 1.1
Schwerin. May 11,1870 614 9.5 12,4 114
Karlsruhe June 23,1885 ke | 10.8 13.% 13.0
Geneva. . May 30,1927 §22 11.5 15.0 121
Nieder Marsberg. .......-.... Aug. 6,1%97 975 ! 12,9 16,8 15. 4
]
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TaABLE 5.—Rains at Stutlgart recorded during the period 1875-1908,
according to Dr. Th. Heyd.

[The intensity of precipitation in mm./min. is calculated by the author.]

Intensity Quantit; .
e ¥y | Duration
of precipi- . .
Bl | gt | of e

mm.

min.j, (e/sec. ha.).| (mins.).
1875—Aug. 31. 1.2 200 7
1876—June 7 0.54 90 10
July 0.38 29
1877—J]une 20. 0.67 112 34
June 21.... 1.20 200 60
July 14. 0.44 ™ 15
July 18, 0.35 58 10
1878—May 12, 0.25 42 90
May 14._. 0.40 67 10
June ... 0.59 99 44
July 2 0.43 71 45
Aug. 0.34 56 17
Aung. 0.40 82 13
1S72-—A pr. 26, 0.28 44 10
INS0—May M. aaas 0.62 104 10
June 11__. 0.55 91 35
July 1.... 0.59 99 16
Aug. 13... 0.25 42 19
Sapt. 8. .. 0.28 47 10
Sept. 18, eiieiiiiiaae 0.34 &7 25
1581—July 9.... 0.76 124 12
July 16. 0.22 37 ke
1§82—May 30. 0.52 137 18
May 30. 8;32 121 lm
0.85 142 22
1.04 174 15
2.50 417 3

Conforming to the above, the calculation for the rain
power A=1i+/t and climatic numbers of country p=Avp
give a new method of working with meteorological
observations, allowing us to establish some laws for
phenomena of precipitation and obtain by theoretical
means deductions confirmed by observations. Therefore,
it is very desirable to include in all meteorological records
information concerning the rain amounts % and duration
t, also the calculated quantities of the rain power A.
Summarizing the latter for many stations with regard to
their duration, occurrence, and departure from their
passage above some nejlghboring points of observations,
and so on, and also studying the dependence of climatic
factor for different countries x from tgle location of points
of observation relative to the mountain ranges and
tracks of cyclones and their elevation above the sea
level, it is possible to open new ways of exploration
through the extremely abundant but hardly accessible
virgin forest in which appears now the vast amount of
meteorological observations concerning the rainfall of
many thousands of stations in the whole world.

DISCUSSION.

By H. R. Leaca and R. E. Horton.

[Voorheesville, N. Y., July 24, 1923.]

The suggestion that storms can be classified according
to their “rain power’ is worthy of further study. Once
its true relation to other storm characteristics is estab-
lished, and its frequency equation determined, most of
the storm characteristics of a certain locality can be
expressed in two or three simple equations, the constants
of which may possibly hold f?)r relatively large areas, as
suggested in the paper. )

The formula given for ““rain power,”” A=1+/tis not satis-
factorily proven and is not in acecordance with more recent
intensity-duration formulas. The assumption that the
power of a given storm is constant is not conclusively
shown and 1t seems just as logical to assume that the
power may suffer depletion as the storm progresses. The



